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Abstract
In EuCo2P2, 4f electron spins of Eu2+ ions order antiferromagnetically below a Néel temperature . The
magnetic structure below was reported to be helical with the helix axis along the c-axis from the neutron
diffraction study. We report the results of 153Eu, 59Co and 31P nuclear magnetic resonance (NMR)
measurements on EuCo2P2 using a single crystal and a powdered sample. In the antiferromagnetic (AFM)
state, we succeeded in observing 153Eu, 59Co and 31P NMR spectra in zero magnetic field. The sharp 153Eu
zero field NMR (ZF NMR) lines indicate homogeneous Eu ordered moment. The 59Co and 31P ZF NMR
spectra showed an asymmetric spectral shape, indicating a distribution of the internal magnetic induction at
each nuclear position. The AFM propagation vector k characterizing the helical AFM state can be determined
from the internal magnetic induction at Co site. We have determined the model-independent value of the
AFM propagation vector k distributed from (0, 0, 0.86)2π/c to (0, 0, 0.73)2π/c, where c is the lattice
parameter.
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Abstract
In EuCo2P2, 4f electron spins of Eu
2+ ions order antiferromagnetically be-
low a Ne´el temperature TN = 66.5 K. The magnetic structure below TN was
reported to be helical with the helix axis along the c-axis from the neutron
diffraction study. We report the results of 153Eu, 59Co and 31P nuclear mag-
netic resonance (NMR) measurements on EuCo2P2 using a single crystal and
a powdered sample. In the antiferromagnteic (AFM) state, we succeeded in
observing 153Eu, 59Co and 31P NMR spectra in zero magnetic field. The
sharp 153Eu zero field NMR (ZF-NMR) lines indicate homogeneous Eu or-
dered moment. The 59Co and 31P ZF-NMR spectra showed an asymmetric
spectral shape, indicating a distribution of the internal magnetic induction
at each nuclear position. The AFM propagation vector k characterizing the
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helical AFM state can be determined from the internal magnetic induction
at Co site. We have determined the model-independent value of the AFM
propagation vector k distributed from (0, 0, 0.86)2pi/c to (0, 0, 0.73)2pi/c,
where c is the lattice parameter.
Keywords: EuCo2P2, helical antiferromagnet, antiferromagnetic
propagation vector, NMR
1. Introduction
Understanding of the interplay between 4f and conduction electrons in
intermetallic compounds has been one of the important issues in strongly
correlated electron systems. Eu is a rare-earth element known to have two
kinds of valence state. The divalent Eu state Eu2+ (4f 6) is magnetic (J =
S = 7/2, L = 0), where J is the total angular momentum, S is the spin
angular momentum, and L is the orbital angular momentum. Therefore,
the compounds with divalent Eu ions tend to order magnetically, following
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. In contrast, the
trivalent Eu state Eu3+ (4f 7) is non-magnetic (J = 0, S = L = 3).
The Eu-based intermetallic compound EuCo2P2 crystallizes in the ThCr2Si2-
type structure (Space group: No. 139, I4/mmm, D174h) as shown in Fig. 1.
In EuCo2P2, Eu ion has the divalent state, and orders antiferromagnetically
below the Ne´el temperature TN = 66.5 K [1, 2, 3, 4, 5]. The ordered magnetic
moment was reported to be 6.9 µB/Eu at 15 K, which is close to 7 µB/Eu
expected for the Eu2+ spins. The antiferromagnetic (AFM) structure below
TN was reported to be helical as shown in Fig. 1 from the neutron diffraction
(ND) study [1]. The Eu ordered moments are aligned ferromagnetically in
2
the ab-plane with the helix axis along the c-axis [1].
Nuclear magnetic resonance (NMR) measurement is useful for determina-
tion of the magnetic structure in AFMs such as high-Tc cuprates and Fe-based
superconductors. However, it is usually difficult to determine its AFM prop-
agation vector in helical antiferromagnets from NMR measurements alone.
Quite recently, the AFM propagation vector of the incommensurate helical
state in EuCo2As2 below TN ∼ 45 K [6, 7], which has the same crystal struc-
ture as that of EuCo2P2, was successfully determined by using NMR [8]. This
result indicates NMR is another unique tool to determine the spin structure
in incommensurate helical AFM state.
Here, we carried out zero magnetic field NMR (ZF-NMR) measurements
to elucidate the spin structure in the incommensurate helical AFM state on
EuCo2P2. We succeeded in observing NMR signals from all three
153Eu, 59Co
and 31P nuclei. From the analysis of the observed spectra, we determined
the helical structure and the AFM propagation vector k.
2. Experimental
A single crystal of EuCo2P2 was grown by Sn flux method. Details of
the sample preparation are described elsewhere [2, 5]. ZF-NMR measure-
ments were performed on 153Eu (I = 5/2, γN/2pi = 4.632 MHz/T, Q = 2.49
barns), 59Co (I = 7/2, γN/2pi = 10.03 MHz/T, Q = 0.4 barns), and
31P (I =
1/2, γN/2pi = 17.235 MHz/T) nuclei, respectively. We used a single crystal
only for 153Eu ZF-NMR spectrum measurement at the lowest temperature
of 1.6 K. Because the signal intensity of the single crystal is weak, the pow-
dered samples were used to measure the temperature dependence of 59Co and
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Figure 1: (Color online) Crystal and magnetic structures of EuCo2P2.
31P ZF-NMR, spectra. The ZF-NMR spectra were obtained by sweeping the
frequency and integrating the spin-echo signal intensity step by step.
3. Results and discussion
Figure 2 shows the 153Eu ZF-NMR spectrum in the AFM state for EuCo2P2
measured at a temperature T = 1.6 K. The observed 153Eu ZF-NMR spec-
trum is well reproduced by the following simple nuclear spin Hamiltonian
given by
H = −γNℏI ·Bint + hνQ
6
[3I2z − I(I + 1) +
1
2
η(I2+ + I
2
−)]. (1)
The first term represents the Zeeman interaction, where γN is the nuclear gy-
romagnetic ratio, I is the nuclear spin and Bint is the internal magnetic induc-
tion at the Eu site. The second term corresponds to the nuclear quadrupole
interaction between the electric field gradient (EFG) and the nuclear quadrupole
moment Q. Here, νQ is the nuclear quadrupole frequency defined as νQ ≡
4
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Figure 2: (Color online) 153Eu-NMR spectrum at T = 1.6 K in the AFM state for the
single crystalline EuCo2P2 inH = 0. The solid line is the calculated
153Eu NMR spectrum.
3eQVzz/2I(2I − 1)h (=3e2QVZZ/20h for I = 5/2), Vzz is the main principal
axis of the EFG and parallels to the c-axis, and η is the asymmetry parame-
ter of EFG [9]. In EuCo2P2, η is zero because of the axially symmetric EFG
at each nuclear site. The obtained 153Eu NMR spectrum was analyzed using
the Hamiltonian in Eq. (1). The solid line as shown in Fig. 2 is the calculated
153Eu ZF-NMR resonance lines with the parameters |BEuint | = 25.75(2) T, νQ
= 30.2(2) MHz and θ = 90◦. Here θ represents the angle between BEuint and
the principal axis of the EFG tensor at the Eu sites. The obtained values
are similar to the case of the 153Eu nuclei in EuCo2As2 and EuGa4 in which
BEuint = 27.5 T and νQ = 30.6 MHz, and B
Eu
int = 27.08 T and νQ = 30.5 MHz,
respectively [8, 10].
We have succeeded in observing the 59Co ZF-NMR spectrum below 30 K
as shown in Fig. 3(a). For I = 7/2 nuclei, the NMR Hamiltonian [Eq.(1)]
produces a spectrum with a sharp central transition line flanked by three
satellite peaks on both sides. However, the observed 59Co ZF-NMR spec-
5
tra do not show the seven distinct lines and rather show one peak with the
asymmetric shape. The homogeneous Eu ordered moment has been exhib-
ited from the sharp 153Eu ZF-NMR lines. Therefore, we assume that the
asymmetric shape of 59Co ZF-NMR spectra is due to the contribution of
internal magnetic induction |BCoint | at the Co site. According to the analysis
performed in EuCo2As2 [8], one can estimate the AFM propagation vector
in the incommensurate state of EuCo2P2 with the estimated values of |BCoint |
and the hyperfine coupling constant at Co site ACo. The internal magnetic
induction at the Co site is expressed by
BCoint = 2〈µ〉ACo
√
2 + 2 cosφ, (2)
where 〈µ〉 is the Eu ordered moment, and φ is the turn angle between the
Eu ordered moments on adjacent Eu planes along the c-axis, which charac-
terizes the helical structure [8]. In the case of φ = pi corresponding to an
A-type collinear AFM state, BCoint is zero due to a cancellation of the internal
magnetic induction from the four nearest-neighbor Eu ordered moments. On
the other hand, if φ deviates from pi corresponding to a helical state, one can
expect a finite BCoint . Since the distance (d) along the c-axis between adjacent
layers of ferromagnetic-aligned Eu moments is d = c/2, the turn angle be-
tween the ordered moments in adjacent Eu layers is φ = kd, as shown in Fig.
3(b). Using the values of 〈µ〉 = 6.9(1) µB, ACo = −0.98 kOe/µB/Eu (ob-
tained from 59Co NMR measurement in the paramagnetic state [11]), and the
internal magnetic induction distribution of the Co site from 6 kOe (6 MHz)
to 12 kOe (12 MHz) at 1.6 K, the turn angle φ is estimated to be from 156◦
to 131◦. These correspond to helix wave vector k from (0, 0, 0.86)2pi/c to
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Figure 3: (Color online) (a) 59Co ZF-NMR spectrum at various temperatures in the AFM
state at zero magnetic field. (b) The coordination of nearest-neighbor Eu sites around Co
site. The arrows on the Eu atoms indicate the magnetic moment. The magnetic moment
turn angle between adjacent magnetic layers is φ.
(0, 0, 0.73)2pi/c. These k values are close to k = (0, 0, 0.852(4))2pi/c and
(0, 0, 0.88)2pi/c obtained from ND data [1] and χ measurement [5], respec-
tively. The temperature dependence of the distribution of |BCoint | is shown in
Fig. 4(a). Using the data, we estimated the temperature dependence of the
distribution of φ as shown in Fig. 4(b). Although the result of ND measure-
ments indicates the change of φ from 150◦ at 64 K just below TN to 153◦
at 15 K [1], we did not observe a clear change in k up to 30 K within our
experimental uncertainty.
Figure 5(a) shows the 31P ZF-NMR spectra at various temperatures in
the AFM state. The spectra shift to lower frequency side with increasing
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Figure 4: (Color online) (a) Temperature dependence ofBCoint . (b) Temperature dependence
of φ.
temperature as shown in the inset of Fig. 5(b). The internal magnetic induc-
tion |BPint|, estimated from a peak position of the spectrum, is shown in Fig.
5(b). The temperature dependence of |BPint| is well explained by a Brillouin
function which is calculated based on the Weiss molecular field model with
J = S = 7/2, TN = 66.5 K, and B
P
int = 2.69 T at T = 1.6 K. This result
indicates that the divalent Eu ion is stable and the magnetic state is well
explained by the local moment picture in EuCo2P2.
Because of no nuclear quadrupole interaction for I = 1/2 nucleus, a
single NMR line is expected for 31P ZF-NMR. However, the 31P ZF-NMR
spectrum showed complex structure at low temperature below 10 K as shown
in Fig. 5(a). The spectrum shape shows clear temperature dependence and
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Figure 5: (Color online) (a) 31P ZF-NMR spectrum using powdered sample at various
temperatures in the AFM state for EuCo2P2 in zero magnetic field. Above 15 K, we shift
frequency to compare the shape of spectra. (b) Temperatures dependence of BPint. The
solid line is the Brillouin function with J = S = 7/2. The inset shows the temperature
dependence of 31P ZF-NMR spectra.
becomes almost symmetrical shape above 10 K. The complex 31P ZF-NMR
spectrum shape shows a distribution of the internal magnetic induction at the
P site. If we consider only the contribution by the nearest-neighbor (NN) Eu
ions to the P site, the internal magnetic induction does not depend on the k
vector. Therefore, it is necessary to take into account the contribution of the
next-nearest-neighbor (NNN) Eu site. Figure 6 indicates the configuration
of the NN and the NNN Eu ions around the P site. If the contribution to
the internal magnetic induction by the NNN is comparably small compared
to the NN, the total magnetic induction at the P site can be written as
9
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Figure 6: (Color online) The coordinations of nearest-neighbor and next-nearest-neighbor
Eu sites around the P site. The arrows on the Eu and P atoms indicate the directions of
the Eu ordered moment and the internal magnetic induction at the P site, respectively.
BPint = B
NN
int +B
NNN
int cosφ. (3)
Here, BNNint and B
NNN
int are the internal magnetic induction by the NN and the
NNN Eu ions, respectively. Since the magnitude of the internal magnetic
inductions is proportional to the resonance frequency, the complicated spec-
trum shape means a distribution of the internal magnetic induction, that
is, the distribution of the k vector, which is suggested from not only 59Co
ZF-NMR but also 31P ZF-NMR. Since the distribution of k is not observed
in the ND measurement, an origin of the distribution is presumed to be due
to distortions in the crystal due to powdering.
4. Conclusions
We succeeded in observing the 153Eu, 59Co, and 31P ZF-NMR spectra
on the helical antiferromagnet EuCo2P2 with TN = 66.5 K. The sharp
153Eu
10
ZF-NMR lines indicate a homogeneous Eu ordered moment. The AFM prop-
agation vector characterizing the incommensurate helical AFM state was de-
termined from the internal magnetic induction at the Co cite. The internal
magnetic induction shows a distribution, i.e., the AFM propagation vector
distributes from (0, 0, 0.86)2pi/c to (0, 0, 0.73)2pi/c. The distribution of the
AFM propagation vector is also observed in the 31P ZF-NMR spectrum. The
distribution of the internal magnetic inductions at Co and P sites may be
caused by powdering the sample which introduces distortions.
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